Abstract-The increasing bandwidth required nowadays by mobile devices forces radio technology to start looking at the 30-300 GHz spectrum, corresponding to wavelength of the order of millimeters. The large attenuation belonging to this frequency range can be effectively mitigated by the use of multiple antennas that furthermore allow interference mitigation between users accessing simultaneously the channel. In this work a review of the state-of-the-art of modern multi-user multiple-input multipleoutput (MIMO) systems is given, extending various Interference alignment (IA) techniques to the millimeter wave (MMW) channel. In particular, performance achieved by IA methods over the MMW and the classical Rayleigh fading channels are compared and some considerations are given. Specifically, it is seen that IA methods at MMW are very suitable even with many users which however cannot require an excessive rate.
I. INTRODUCTION
As the mobile data demand grows, the sub-30 GHz spectrum is becoming increasingly crowded, hence the frequencies between 30 and 300 GHz make the MMW technology an important component of 5th generation (5G) cellular networks. Recent studies show that MIMO technology can be very effective on compensating the huge path loss of MMW systems [1] . In fact, the very small wavelength of MMW signals combined with advances in low-power CMOS radio frequency (RF) circuits enable large numbers of miniaturized antennas to be placed in small dimensions. Hence, multiple antenna systems can be used to form very high gain, electrically steerable arrays [2] . However, it is still unknown how modern beamforming algorithms will behave over a channel operating at MMW due to its inherent differences with respect to a channel operating at lower frequencies. Considering the high directivity of massive antenna arrays, it is reasonable to pay particular attention to beamforming algorithms that provide interference mitigation between users.
An interference channel consists of multiple transmitter/receiver (Tx/Rx) pairs, each communicating over a wireless channel. Assuming they share the same bandwidth, simultaneous transmissions cause mutual interference. IA is a cooperative transmission technique that maximizes the degrees of freedom (DoF) of a multi-user interference channel [3] by precoding signals to align them in the unwanted users receive space, as defined by receiver filters. This allows receivers to cancel more interferers than they otherwise could [4] and, regardless of the number of interferers, every user is able to get a portion of the total channel capacity [5] . A first and effective solution is provided in [6] , where singular component analysis is used to orthogonalize all direct channels in order to achieve a zero forcing (ZF) condition, meaning that all cross-channels interference is completely removed. Here, orthogonality conditions imply that not all system configurations can have a solution but, when this is the case, a closedform solution allows a fast beamforming design. Unfortunately, closed-form solution are not always available, hence iterative algorithms become an attractive approach to reach the nearoptimum solution by maximizing a suitable cost function. A first simple technique, shown in [4] , tries to precode the signal at transmitter such that the interference caused to other receivers is nearly orthogonal to their receive space. In this way, the total post-processing interference-plus-noise leakage (INL) power is minimized for each receive user, and eventually perfect interference alignment is reached. In particular, this method seeks to create an interference-free subspace of the required number of dimensions, that is designated as the desired signal subspace. However, this interference alignment makes no attempt at maximizing the desired signal power within the desired signal subspace. In [7] , a minimum meansquare error (MMSE) combiner aims at maximizing the signal to interference plus noise ratio (SINR), resulting in a tradeoff between interference rejection and power maximization of the intended received signal. The iterative approach introduced by [7] and [4] needs alternation between forward and reverse links for the transmitter and receiver filters update and could then represent a waste of channel resources. In [3] , this issue is addressed by designing combiners independently of the system configuration and performing the iterative design process entirely at transmitters by directly maximizing the achievable network sum-rate.
The purpose of this work is to provide a systematic performance comparison of distributed beamforming algorithms, when applied to the MMW channel. Furthermore, a performance comparison is also given for the classical Rayleigh (RYL) fading channel. Overall we investigate issues faced by IA techniques when used in a MMW channel in order to understand which scenarios can be better exploited by next generation cellular systems.
II. SYSTEM MODEL
Our transmission system, shown in Fig. 1 , is a Kuser MIMO interference channel (IC), where K Tx's, each equipped with M antennas, transmit to K Rx's, each equipped
with N antennas, simultaneously, so that transmissions are supposed to happen between the pair of Tx/Rx with the same index, i.e. from transmitter k to receiver k. Furthermore, for a given user, d parallel streams are allocated. The channel is supposed narrow-band so that each transmitter-receiver link will experience quasi-static fading, time-invariant over each transmission duration and different among successive transmissions. For each symbol s l k , belonging to stream l of user k, linear precoding is performed independently at each channel realization. By defining the precoding column vector for stream l as v l k , the transmitted signal of user k obtained by summing all the streams assumes the form:
A unitary sum power constraint (SPC) for each user is considered, so that the total available power P k is distributed among the streams belonging to user k for which the transmitted power is equal to
where coefficients ρ l k are obtained by applying a waterfilling algorithm and satisfy
For simplicity we will assume
The N × M MIMO channel matrix from transmitter j to receiver k, denoted as H k,j , is derived using the model presented in [8] , considering a uniform linear array (ULA) both at Tx and Rx side whose axe lies in the azimuth plane. For an ULA and for a given ray, let consider a column vector of phasors
being λ the signal wavelength, ψ = 2π/λ, D = λ/2 the inter-antenna spacing and φ the angle of departure or arrival of the ray, depending if we consider Tx or Rx side. If L rays are received with the same delay, the channel matrix can be derived in the following way
where a r and a t are as in (3) for Rx and Tx, respectively, g ∼ CN (0, 1) represents the complex random gain of the ray and where φ (r) , φ (t) ∼ U(−60, 60). We highlight that from the definition of a as in (3), elements of (4) are determined by the phase offset of the different rays due to the relative position across array elements. In this work, we assume L = 3.
By further defining n k as the complex zero-mean Gaussian noise affecting user k, with covariance matrix
the signal vector received by receiver k is equal to:
with k ∈ {1, · · · , K}.
Since each entry of the channel matrix has unitary statistical power and P k = 1, we define Γ = 1/σ 2 w as the average received signal to noise ratio (SNR). At the receiver side, stream l associated to user k is filtered by a linear structure
H , which finally leads to the signal at detection point, given by:
From (7), we derive the statistical power of the total interference leakage plus noise at detection point for stream l of user k, equal to
for which the relative SINR is defined as
The associated achievable rate will then have the form
leading to the system total sum-rate, that will represent our performance metric, equal to
III. BEAMFORMERS AND COMBINERS DESIGN METHODS
The considered IA algorithms are listed here for a better comparison:
• Multi-user Eigenmode Transmission (MET): a noniterative algorithm that designs the beamformer of a given user to be orthogonal w.r.t. the signal space spanned by the un-intended combiners [6] ;
• Minimum Interference-plus-Noise Leakage (INL): beamformers (combiners) are iteratively updated to be aligned along the direction where minimum interference is caused to (received by) un-intended combiners (beamformers) [4] ;
• Maximum Signal to Interference-plus-Noise Ratio (SINR): beamformers and combiners are iteratively updated using a MMSE criterion so that every user pair maximizes its SINR [7] ;
• Maximum Weighted Sum-Rate (WSR): the iterative algorithm is performed entirely at Tx's. While at Rx's a MMSE combiner is adopted, the beamformers are designed to maximize the system sum-rate (11) [3] .
IV. NUMERICAL RESULTS
The MMW channel is characterized by a high correlation between antennas, due mostly to the fact that signals propagate from Tx to Rx across few rays, three in our case, and with similar delays and angles of arrival, due to the high directivity of the antenna arrays. This results in a channel matrix with a limited diversity. In particular, the channel matrix has a constant rank, equal to the number L of rays, independently of the size of the antenna arrays. This implies that only L eigenmodes are non-null and can be employed for the signal allocation. In contrast, the classical RYL fading MIMO channel, where the channel matrix is full-rank with high probability, being formed of independent and identically distributed (i.i.d.) Gaussian entries, offers a full-diversity signal space. In Fig.s 2 and 3 , the power of the singular values relative to the first three eigenmodes of the channel matrix (since three is the number of rays assumed in each link of the MMW channel) are compared, respectively, for the MMW and the RYL channel. We find much higher values in the MMW than in the RYL channel, confirming that increasing the directivity of the transmission yields higher gains but also a reduced diversity. A consequence of this fact is that, while in the RYL channel the sum-rate grows with the signal subspace dimension until the sum of the allocated streams of all the users is lower than the array size, in the MMW channel the number of available eigenmodes is always equal to the number of rays and this limits the maximum achievable sum-rate. On the other hand, in the MMW channel the singular values assume higher values, resulting in a higher signal power w.r.t. the RYL channel. In Fig. 4 , we show this effect by considering three different cases: a MMW channel with d = 3 streams per-user and two RYL channels with, respectively, d = 3 and d = 32 streams allocated for each user. Specifically, we reported the sum-rate (11) for algorithms MET, INL and SINR, versus the channel SNR. We see that when the same low transmission rank is considered, the results obtained for the MMW channel are better than those relative to the RYL channel. However, the RYL channel owns a much higher potential and in fact it is able to improve performance significantly when more streams are allocated to different users.
In Fig. 5 , all the considered algorithms are compared over a MMW channel considering K = 4 user pairs with d = 3 streams allocated over antenna arrays of M = N = 128 elements. Since the total number of streams in the systems is much lower than the array size employed, all algorithms but INL reach a similar sum-rate. In fact, the high directivity of transmission beams implies that the direct channel gain, where the desired signal is allocated, is more relevant than the interfering cross-channel gains, therefore algorithms that only try to limit interference like INL suffer because the intended signal is likely to be transmitted over a shadowed direction of the total signal space even though the interference is minimum along that direction. Considering instead a more crowded situation, like the one considered in Fig. 6 where K = 16 user pairs are sharing the channel, the differences between the three IA methods become more tangible. In particular, only SINR and weighted sum-rate (WSR) techniques are able to withstand this system configuration and in fact the sum-rate achieved in this case is four times the sum-rate reached in Fig. 5 , i.e. we observe a linear increase of the rate with the number of users. The MET algorithm instead shows limited rate improvement since, being based on channel orthogonalization, an increase in the number of users means that less space is available to allocate a free-interference channel for each user. Overall we can see that the best IA methods are those where in the beamforming design the desired signal gain is considered as much as the interference level.
V. CONCLUSIONS
For the MMW channel, where massive antenna arrays with high gain beams are used to contrast propagation attenuation at very high frequencies, we analysed the problem of multiplexing several users over the same physical channel using interference alignment techniques, which orthogonalize the signal subspace spanned by the interfering signals coming from other users w.r.t. the intended signal space. Particular attention has been given to the performance achieved by various algorithms (MET, INL, SINR, WSR) over the MMW channel. The results obtained are encouraging for the future development of next generation mobile networks, even though it has been confirmed that the higher signal correlation at the various antennas, due to narrow beam angle of arrival/departure, implies a reduced transmission diversity. Therefore, not all IA algorithms can be effective over the MMW band and, in fact, increasing the gain provided by the antenna arrays becomes as important as reducing interference.
